Estimated by the method of SAN PIETRO and RITTENBERG the metabolic pool of nitrogen was found to contain 0.315, 0.338, and 0.560 gN and to turnover 15.1, 13.5, and 12.1 times/24 h in three premature infants. Their rates of protein synthesis were 4.2, 3.9, and 5.9 g protein N/24 h.
Introduction
of nitrogen metabolism and employs a mathematical analysis of the rate and mode of the excretion of 15 N In 1953, SAN PIETRO and RITTENBERG estimated the following administration ofa 15 N-labeledamino acid to overall rate of protein synthesis in the human adult the subject. While the studies of SAN PIETRO and RITmale [14] . Their method is based on a simplified model TENBERG involved normal adults in nitrogen balance, the method was subsequently employed by others for serial studies of diseased subjects under various metabolic conditions [2, 5, 9, 18] . The mathematical model has been criticized as an oversimplification [10, 22] but has been found to give consistent results in the presence of dietary variations and to demonstrate consistent responses to therapy in patients with three different endocrinopathies [2, 5] .
The present study extends the use of the SAN PIETRO-RITTENBERG method to isolated estimates of the rate of protein synthesis in rapidly growing premature infants. The following review deals principally with the general applicability of the method and with the metabolic requirements for its use as defined by SAN PIETRO and RlTTENBERG. Figure 1 illustrates the SAN PIETRO-RITTENBERG model of nitrogen metabolism. The central feature is a homogeneous pool of metabolically active nitrogen which is defined by function, i. e., it is the direct source of nitrogen for the synthesis of tissue constituents and for the formation of excretory nitrogenous compounds.
It is approximately equal in magnitude to the total nitrogen of the free a-amino acids of the body. The rate of nitrogen metabolism is, by definition, the product of the size of this metabolic pool (P) and its turnover rate rate of nitrogen metabolism = PxB (1) The fates of metabolically active nitrogen are restricted, from a quantitative standpoint, to two: 1) incorporation into protein, and 2) excretion.
If the size of the metabolic pool and the size of the pool of excretory nitrogen remain constant, the sum of the rate of protein synthesis (S) and the rate of nitrogen excretion (E t ) is equal to the rate of nitrogen metabolism :
rate of nitrogen metabolism = S -f-E t (2) From equations 1 and 2 it follows that:
S + E t = P X B, and For the sake of conceptual simplicity, one can assume that subjects are in nitrogen balance. It is clear, however, that the method requires only that the metabolic pool and the excretory pool of nitrogen be the same at the beginning and end of any given period of evaluation. Since these two quantities are to some extent functions of body size, they will vary somewhat with changes in body size. Undoubtedly, they are not significantly different at the beginning and end of any given 24-h period in an individual who is in a metabolic steady-state.
For the determination of S, it is necessary to measure B, P, and E t . The E t can be measured directly. For the measurement of B and P, the concept of a dynamic state of the metabolic pool of nitrogen in considering the metabolism of a single amino acid labeled with 15 N is used. When a suitable amino acid is introduced into the metabolic pool, the nitrogen of the amino acid is rapidly incorporated into other amino acids by transamination and other reactions [13] . For purposes of mathematical treatment, one can make the simplifying assumption that a single reactive amino acid, labeled with 15 N and administered to a subject, labels the pool of metabolic nitrogen of the subject instantly and uniformly. The rate of disappearance of the isotope from the metabolic pool then directly reflects the rate of turnover of the metabolic pool. To determine the rate of disappearance of the label from the metabolic pool, it is necessary to evaluate the synthesis and excretion of urea- 15 N, assuming urea formation to be a function of general nitrogen metabolism and to reflect properly the fate of the metabolic pool as a whole. The following equations outline the essential features of the method:
From general considerations the amount of 15 N remaining in the metabolic pool, (Ap) at any time (t) may be expressed as follows:
where Ao is the amount of 15 N administered. Under steady-state conditions, the overall synthesis of urea (Es) is equal to the overall excretion of urea (Eu). Since the rate of disappearance of urea-15 N (Au) from the total pool of urea (U) is a function of both the rate of excretion of urea and of the synthesis of urea from amino acid-15 N (Ap) in the metabolic pool (P), the following equation obtains: From equations 5 and 6 it follows that:
Equation 7 was solved by SAN PIETRO and RITTENBERG, and evaluated at maximum urea-15 N concentration to 391 yeld B and P. The method requires that total body urea remain constant, and that urea synthesis be a reflection of general nitrogen metabolism. With B and P determined indirectly and E t determined directly, it is possible to determine the overall rate of protein synthesis through the use of equation 4. In general, it is evident that the postulation of a single metabolic pool of nitrogen, homogeneous throughout the body, is an oversimplification, as is the concept of unified, homogeneous processes of nitrogen excretion and protein synthesis. For the mathematical method employed, it is necessary only that the experimental data derived from several pools reacting in several ways at several rates behave according to the postulated scheme-that the sum of metabolic pools behave as if there were one pool, and the sum of rates of protein synthesis and the sum of rates of nitrogen excretion behave as if they were single continuous functions.
In the present study, premature infants were evaluated by this technique to: 1) obtain first approximations of the premature infant's rate of protein synthesis in the presence of rapid growth, and 2) determine how the premature infant differs from the adult with respect to the size and rate of turnover of the pool of metabolic nitrogen.
Materials and Methods

Subjects
Three premature male infants were studied during a period of good health and rapid growth [26] . Table I shows ages and weights at the time of study, and table VIII shows rates of weight gain. Male infants were chosen to assure quantitative urine collections and complete separation of urine and feces. , was administered orally in conjunction with a normal formula feeding [24] immediately after the infant had voided spontaneously. Subsequent spontaneously voided urine specimens were collected quantitatively and frozen in dry ice. Stool specimens were collected separately. Normal feedings and procedures of infant care were carried out throughout the studies.
Analytical
Urine specimens were diluted to standard volumes. Aliquots were taken for the determination in duplicate of total nitrogen and 15 N, urea nitrogen and 15 N, and ammonia nitrogen and 15 N. Total nitrogen was determined by the Kjeldahl method as modified by SPRINSON and RITTENBERG [ 17] . Urea was determined by incubation of permutit-treated urine with urease, followed by Conway diffusion and titration [6] . Ammonia was determinated by isolation on permutit, followed by titration [7] . Duplicate samples of ammonium sulfate from the above determinations were combined and reacted with sodium hypobromite [17] . The resulting nitrogen was analyzed in a mass spectrometer having a precision of not less than 5 parts/100,000. In some cases, when the amount of ammonium ion determined by titration was insufficient for mass spectrometric analysis (< 0.25 mg N), unlabeled ammonium hydroxide was added to the titration vessel and the sample titrated to a new end point. The 15 N was determined as described above. For all samples, the actual isotope concentration was obtained by use of the following equation:
actual atoms % excess = observed atoms % excess x total mEq N (8) total mEq N -blank mEq N -carrier mEq N Stool specimens were homogenized and diluted to standard volumes. Duplicate aliquots were analyzed for total nitrogen and 15 N as described above. Total body urea (U) was estimated by the product of plasma urea nitrogen and total body water: urea concentration in plasma water total body water = total body urea (9) The calculations of total body urea employ values for total body water for premature infants according to weight and age, as determined by GLAPP et al. [1] .
Results
The analytical variables used and the results obtained in these studies are shown in table I. The values obtained in the analyses of urine specimens are shown in table II and the results of the analyses of fecal specimens in the three studies appear in table III. Calculations were carried out using milliequivalents (mEq) as the unit of measurement for nitrogen since the molecular weight of nitrogen varies with its 15 N content. The tabulated values for P and S were obtained by multiplying the corresponding values in milliequivalents by the factor 0.01401 g/mEq. As shown in table I, analysis by the method of SAN PIETRO and RITTENBERG indicated that the infants had pools of metabolically active nitrogen of 0.143, 0.146, and 0.236 g N/kg, respectively, with turnover rates of 15.1, 13.5, and 12.1/ 24 h. The rates of protein synthesis were 1.9, 1.7, and 2.5gN/kg/24h.
Discussion
Choice of ^N-Amino Acid and Mode of Administration
Glycine-15 N was chosen for these studies because it has been the amino acid most often used in the past and, therefore, provides a basis for comparison of studies of this type. As the simplest amino acid, and the only optically inactive one, glycine has been extensively studied and has been found to participate in a number of reactions involving neither nitrogen excretion nor protein synthesis. This diversity of pathways may limit the usefulness of glycine for studies of the type presented here.
Oral administration was chosen because it provided a physiologic entry for the amino acid. Moreover, Wu et al. [22] found that oral administration of an 15 N resulted in an excretory pattern more compatible with a single pool of metabolic nitrogen than does intravenous administration. Oral administration introduced some uncertainty with regard to time of absorption; however, in the present studies, it was decided to accept as /o for each study the time of voiding of the last urine specimen not containing urea- 15 N. The to measured by this means was identical with the time of last voiding before the administration of glycine-15 N in two subjects and was 0.023 days after the administration of glycine-15 N in the third subject (DC).
Analyses of Feces
SAN PIETRO and RITTENBERG considered fecal nitrogen to be quantitatively insignificant for studies of adult subjects by their method. Such an assumption cannot be made for premature infants because fecal nitrogen may account for more than 30 % of the total nitrogen excreted by the infant [4] . As shown in table III, fecal nitrogen accounted for 25-35% of the total nitrogen excreted by the infants in this study. Fecal 15 N, however, accounted for only 7-14% of the total 15 N excreted. The total amount of 15 N excreted in feces by the infants represented less than 1.5% of the dose administered during the first 24 h, and less than 2.5% of the dose during the first 48 h, after administration of the isotope.
It is difficult to assess the metabolic significance of fecal nitrogen. For present purposes it would seem best to consider fecal nitrogen in terms of its 15 N content, since the primary concern of this investigation is the fate of a pool of metabolic nitrogen labeled with 15 N. Unfortunately, the uncertainties regarding the origin of fecal nitrogen hamper such an attempt.
In terms of the calculated rate of protein synthesis, the largest correction for fecal nitrogen that could be made was that which followed when all fecal nitrogen was considered to be part of E t . As shown in table IV, the decrements in protein synthesis achieved by this correction were less than 10%. Since fecal nitrogen in these studies had a much lower overall 15 N concentration than contemporaneously excreted nitrogen in urine, it was likely that the amount of metabolically active nitrogen excreted in feces was less than the total nitrogen of feces. When fecal nitrogen was considered in terms of its 15 N content, the decrements in S were considerably less than 10%.
Analyses of Urine
As anticipated from the results of others [15] , the infants excreted relatively large amounts of urinary ammonia and relatively small (69-78% of total nitrogen) amounts of urea when compared with normal adult subjects.
Evaluation of ammonia-
1 '"N in urine. Since ammonia found in urine is derived directly from the metabolic pool of nitrogen, measurement of the 15 N concentration of ammonia in urine should afford a direct measure of the concentration of 15 N in the metabolic pool. In this case, a precursor-product relation should exist between the 15 N concentration of ammonia and the 15 N concentration of urea in urine; i.e., the concentration of 15 N in ammonia and urea should be equal at the point of maximum liJ N concentration in urea. Table V shows that this condition was nearly, but not exactly, fulfilled. If the concentration of 15 N in ammonia was a direct reflection of the 13 N concentration in the metabolic pool as a whole, it would also be expected that B and P could be determined by analysis of the disappearance of isotope from ammonia in urine. With this assumption, equation 5 may be rewritten. 15 N concentration in that pool at a relatively high level, thus reducing the apparent turnover rate of the pool.
The results obtained by VAN SLYKE and associates [19] , and more recently by PITTS et al. [12] , clearly indicate that ammonia formation is a more specialized function of nitrogen metabolism than is urea formation.
Therefore, the method of SAN PIETRO and RITTENBERG would appear to be more physiologically appropriate for studies of overall nitrogen metabolism than would the analysis of ammonia formation. The difference in results between these two approaches, however, illustrates the most serious defect in the SAN PIETRO-RITTEN-BERG model: the assumption that an amino acid labeled with 16 N instantaneously and uniformly labels the metabolic pool of nitrogen when introduced into the pool. Wu and BISHOP [21] have shown that the 15 N of glycine-15 N is by no means instantaneously dispersed. RITTENBERG [13] demonstrated that the distribution of 15 N from glycine-15 N in plasma proteins is by no means uniform with respect to the amino acid residues isolated from the proteins. The validity of the results obtained by the use of the SAN PIETRO-RITTENBERG model is then clearly dependent to some extent on the degree to which the metabolism of the nitrogen of the amino acid administered reflects the metabolism of the metabolic pool of nitrogen as a whole. Recently, Picou and TAYLOR-ROBERTS [11] have published evidence bearing on this point. Using a different experimental approach, they compared the metabolism of glycine-15 N and egg protein-15 N in older infants. Their analyses of the data obtained with these two substances yielded very similar values for rates of protein synthesis and turnover. 16 N is considered to be part of urea-15 N. It can be seen that such a correction would account for some, but not all, of the discrepancy between the values obtained for premature infants and those obtained for adult subjects. It is also possible that urea-15 N synthesized by the infant is broken down in the gastrointestinal tract to yield ammonia-15 N, which is then returned to the metabolic pool and used for protein synthesis, thus reducing the urinary excretion of urea-15 N. It has been shown that the oral administration of urea- 15 N to infants receiving a diet restricted in nitrogen content leads to significant incorporation of 15 N into plasma proteins [16] . In normal adults [20] , the ammonia produced by bacterial decomposition of urea- 16 N in the gastrointestinal tract is, in considerable part, used for the formation of new urea-15 N. In the present instance, the discrepancy between adult and infant would be explained if 50 % or more of the 15 N incorporated into urea by the infant was liberated as ammonia in the gastrointestinal tract and subsequently incorporated into nitrogenous compounds other than urea. A third, and most obvious explanation for the close correlation between observed and calculated urea- 15 N excretion in the infants is that there is little return of 15 N from protein to the metabolic pool during the course of the studies. This would imply that the protein synthesized by the infants has a longer half-life than that synthesized by normal adults, a reasonable implication since the infant is accumulating structural protein at an appreciable rate.
Rate of growth and the rate of protein synthesis. The rate of accumulation of protein by the growing infant may be approximated by the product of the fractional protein content of infants and the rate of weight gain by the infants. Such an estimate was made for the infants in this study, using values for nitrogen and protein as percentage of body weight for infants of similar weight [3, 8] . The values for estimated daily gain in protein were compared with rates of protein synthesis as determined by the SAN PIETRO-RITTENBERG technique (table VIII) . It can be seen that the rate of protein synthesis far exceeds the rate of protein accumulation and that 'growth protein' accounts for approximately 10% of the total protein synthesized each day.
Comparison ofB, P, and S in premature infants with values from studies in adult subjects. Figure 2 shows a comparison of values for B, P, and S as determined in premature infants and in adults in various metabolic states [5, 14] . Since B has as its unit of measurement, 1/24 h, a direct comparison of turnover rates was possible. For P and S the observed values were plotted as grams nitrogen per kilogram of body weight °- 7 to minimize variation as a function of body size. With respect to the normal adult in nitrogen balance, the growing premature infant has a large pool of metabolic nitrogen which turns over at a slow rate. Rates of protein synthesis are roughly equal. Size and turnover rate of the pool of metabolic nitrogen and rate of protein synthesis as determined in adults by SAN PIETRO and RITTENBERG [14] , and HAAK [5] , and in premature infants of this study.
It can also be seen that growth hormone therapy in hypopituitarism, excessive growth hormone in acromegaly, and testosterone therapy in hypogonadism all lead to increased size of the metabolic pool, decreased turnover rate, and increased rate of protein synthesis. It would seem reasonable to conclude that a large pool of metabolically active nitrogen and a slow turnover rate are common to states of protein accumulation.
Summary
The size of the metabolic pool of nitrogen, its turnover rate, and the overall rate of protein synthesis were estimated by the method of SAN PIETRO and RITTEN-BERG in three premature infants. The excretion of urea-15 N following the ingestion of glycine-15 N closely approximated a model of nitrogen metabolism in which newly synthesized protein has a long half-life. Roughly 10% of the protein synthesized by the infants appeared to be accumulated as 'growth protein'.
The metabolic pool of nitrogen was found to be large when compared with that of normal adults [2, 5, 9, 14, 18] , and turnover rate was slower than that observed in normal adults. These findings were similar to those obtained in some states of protein accumulation in adults with endocrine disorders [5] .
